Severe rainstorms have occurred more frequently in Taiwan over the last decade. To understand the flood characteristics of a local region under climate change, a hydrological model simulation was conducted for the Tsengwen Reservoir watershed. The model employed was the Integrated Flood Analysis System (IFAS), which has a conceptual, distributed rainfallrunoff analysis module and a GIS data-input function. The high-resolution rainfall data for flood simulation was categorized into three terms: 1979 -2003 (Present), 2015 -2039 (Near-future), and 2075 -2099, provided by the Meteorological Research Institute atmospheric general circulation model (MRI-AGCM). Ten extreme rainfall (top ten) events were selected for each term in descending order of total precipitation volume. Due to the small watershed area the MRI-AGCM3.2S data was downsized into higher resolution data using the Weather Research and Forecasting Model. The simulated discharges revealed that most of the Near-future and Future peaks caused by extreme rainfall increased compared to the Present peak. These ratios were 0.8 -1.6 (Near-future/Present) and 0.9 -2.2 (Future/Present), respectively. Additionally, we evaluated how these future discharges would affect the reservoir's flood control capacity, specifically the excess water volume required to be stored while maintaining dam releases up to the dam's spillway capacity or the discharge peak design for flood prevention. The results for the top ten events show that the excess water for the Future term exceeded the reservoir's flood control capacity and was approximately 79.6 -87.5% of the total reservoir maximum capacity for the discharge peak design scenario.
INTRODUCTION
A flood-induced disaster kills people and damages properties. Severe flooding frequently occurs in Taiwan, located in the North Pacific subtropical region. Severe floods in Taiwan normally occur within a short-period of floodwater convergence (3 to 6 h) after a severe typhoon or due to heavy seasonal precipitation causing torrential stream flows down the steep mountains (Hsu et al. 2003) . The average annual damage from past flooding events was approximately US $500 million year -1 (Yen et al. 1998) . Flooding became more severe and occurred more often in the last decade according to the statistical analysis of disasters caused by heavy rainstorms for the time period between 1970 and 2009 (NCDR 2010 Hsu et al. 2011) . For example, Typhoon Morakot (August 2009) killed more than 500 people and caused approximately $912 million (USD) in economic loss in Taiwan due to strong floods, debris flows and slope collapse (http://www.ncdr.nat.gov.tw/). According to a climate model prediction under global climate change scenarios over the next 100 years, global mean temperatures are expected to increase by 0.9° to 3.5°C and the sea level is likely to rise up to 1 m, compared to the air temperature and sea level in 1990 (Houghton et al. 1990 (Houghton et al. , 1995 . Moreover, the Bernstein et al. (2007) and Field et al. (2012) reported that frequent extreme weather events were evident globally over the last decade and concluded that global climate change would cause an increase in future extreme weather events such as super-typhoons and category-5 hurricanes. This conclusion implies that the typhoon-and seasonal rainfall-induced floods in the North Pacific region may become more destructive. It is therefore necessary to gain a better understanding of the trends and characteristics of river flooding in the years ahead to prevent or mitigate severe flood disasters.
The direct effects of global climate change on local extreme weather (e.g., typhoon and seasonal heavy rainfall) are being studied in the Taiwan Climate Change Projection and Information Platform Project (TCCIP). The TCCIP is investigating the impacts of local climate change on Taiwanese society (infrastructure, infectious disease, people's life style, etc.) developing an integrated platform in the form of a local climate change database which has been downscaled from global climate change applications (NCDR 2010) . The extreme weather forecasts affected by local climate change were provided for three terms: Present (1979 Present ( -2003 , Nearfuture (2015 Nearfuture ( -2039 and Future (2075 Future ( -2099 , using an atmospheric general circulation model (AGCM) for the entire globe produced by Meteorological Research Institute in Japan Meteorological Agency (JMA-MRI). Hereinafter, the JMA-MRI model is called MRI-AGCM. One of the goals in this project is to reveal how typhoon-and heavy rainfallinduced floods will change in the future under global climate change. In order to achieve this goal we implemented an existing hydrological model that is driven by the AGCM forecast rainfall data (high spatial and temporal resolution) to a specific local region in Taiwan.
This hydrological model can simulate unsteady discharge under flooding conditions. The development, calibration and validation of hydrological models using historical extreme weather-induced floods have been detailed in many studies (e.g., Wang and Xu 2011) . However, these studies were conducted for a spatially large region and a temporally long period. In the case of Taiwan, no study has yet been completed using a spatially and temporally high resolution under climate change induced future extreme precipitation events.
The purposes of this study are, using a conceptual, distributed hydrological model implemented for the Tsengwen Reservoir watershed in Taiwan, (1) to verify the hydrological model for a past typhoon, (2) compare the discharge peaks for current and future severe floods caused by the top ten extreme rainfall events for each simulated term (Present, Near-future, or Future), which were projected by the AGCM with high spatial and temporal resolution, and (3) evaluate the effect of these floods on the reservoir capacity and dam outlet controls under future climate conditions.
METHOD

MRI-AGCM and WRF
Three terms: Present (1979 Present ( -2003 , Near-future (2015 -2039 ), and Future (2075 -2099 , were analyzed to reveal the flood characteristics in terms of peak discharge and cumulative runoff volume as potentially affected by long-term climate change. The Asian-scale meteorological data for the three terms were provided by MRI-AGCM, whose resolution is 20 km horizontally and capable of representing tropical cyclones and extreme indices under the effect of climate change Oouchi et al. 2006; Kitoh et al. 2008; Mizuta et al. 2012) . As the lower boundary conditions for the Present, Near-future and Future terms, the MRI-AGCM incorporated the observed Sea Surface Temperature (SST) and ensemble SST projected from Phase 3 of the Coupled Model Inter-comparison Project dataset for the A1B IPCC scenario, which assumes global economic and population growth peak in mid-21st century and then decline (Mizuta et al. 2012) . Note that the MRI-AGCM has two versions: MRI-AGCM3.1S and MRI-AGCM3.2S. We used the latter version in this study. Hereinafter, the data from MRI-AGCM3.2S is called MRIdata. For global climate projection downscaling to a regional climate scale we ran the Weather Research and Forecasting Model (WRF) with version 3.1.1, driven by the MRI data as the initial and boundary conditions, to simulate regional climate and obtain rainfall data with higher spatial and temporal resolutions. Five km horizontal resolution cells and 36 vertical layers, but no nested-grid treatment, were implemented in the WRF. The WRF employed several appropriate modules and schemes, such as Community Atmosphere Model for estimating radiation, Kain-Fritsch cumulus parameterization for resolving the cumulus clouds, Monin-Obukhov surface layer scheme for improving the surface layer formulation, Single-Moment 5-class Microphysics scheme for representing the rainfall fallout, condensation and thermodynamics effects. The YonSei University boundary scheme was used for treating the boundary layer of the vertical diffusion with a nonlocal turbulent mixing coefficient. The Noah land surface module was used for taking account of land-atmosphere interaction processes (see http://wrf-model.org/). In addition, the spectral nudging method was implemented to enforce the MRI-AGCM variables (i.e., wind velocity, temperature, and geo-potential height) above the planetary boundary layer to the WRF ones by minimizing the climate drift issue. The rainfall data computed by the WRF is supposed to capture more accurate topographical effects. The rainfall data with an hourly interval was bias-corrected using a statistical method that determines the tuning coefficient in order for the cumulative distribution function of the WRF-generated data to be close to that of the observed data with descending order (Piani et al. 2010) . The bias-corrected data was used in the hydrological model. Hereinafter, the dynamic downscaled and biasedcorrected data from MRI data are called MRI-WRF data.
Hydrological Model
To simulate river floods caused by typhoon and heavy rainfall events, we utilized an integrated hydrological simulation system, the so-called Integrated Flood Analysis System (IFAS), which was developed by the International Centre for water Hazard and Risk Management (ICHARM) (Fukami et al. 2009; Sugiura et al. 2008) . The IFAS has been practically applied to past flood events in Asian countries such as Japan (Sugiura et al. 2008) and Pakistan (Aziz and Tanaka 2011) . The procedures to handle the IFAS are depicted in Fig. 1 . A conceptual, distributed rainfall-runoff analysis engine, so-called Public Works Research Institute (PWRI)-distributed hydrological model (Yoshino et al. 1990) , is employed in the IFAS. The IFAS has convenient interfaces for ground-based or satellite-based data rainfall input and has an input function for Geographic Information System (GIS)-based hydrological features, such as soil and geological types, land use, climatological zone and altitude. The first IFAS operation procedure creates a project name and sets up a target area. The GIS data for the hydrological information are imported into the IFAS and the basin shape and river course are then automatically generated using the differences in altitudes. The cell-type classification that indicates how water flows in upper, middle, and downstream areas is determined by the altitude difference and the distance from the origin of the water flow to a computational cell (Fig. 1) . The rainfall data are also imported and the model parameters, as determined by the GIS-based hydrological features, are then set up. After pre-processing is complete the model is launched and the model output is obtained. In the final IFAS procedure a visualization of the outputs is combined with a virtual globe map and geographical information software (e.g., Google Earth). All procedures employ an interactive graphical user interface.
The PWRI-distributed hydrological model divides the whole watershed into uniform cells and computes the flow at each cell. The flow is computed by surface, aquifer, and river tanks through two or three vertical layers (see Figs. 2 and 3). As depicted in Fig. 3 the three tanks are described in the following sentences. From the amount of precipitation, the surface tank (upper tank) provides the surface flow (Q sf ) (m 3 s -1 ) (= cms), rapid intermediate outflow (Q ri ) (cms), and infiltration flow (Q 0 ) (cms) to the underground. The surface flow, described by Manning's formula, is proportional to stored water to the 5/3 th power and is given by
where h is the height of stored water (m), S f 2 is the height (m) where Q sf occurs (Maximum storage height), n is the equivalent roughness coefficient (m -1/3 s) of the ground surface, , is the length of cell (m), and I is the gradient of slope. The rapid intermediate and infiltration outflows are approximately proportional to the water stored in the soil and are respectively described by
where S f1 is the height (m) where Q ri occurs, α ri is the regulation coefficient for rapid intermediate flow, f 0 is the final infiltration capacity (ms -1 ) and A is the area of cell (m 2 ), and
where S f 0 is the height (m) where Q 0 occurs. The Q 0 becomes the inflow of a lower layer. The relation among temporal deviation of the height, flows and rainfall in the surface tank is given by 
where R is the rainfall (m) and E ps is the actual evapotranspiration (m), computed using the Penman-Monteith equation. With the percolation inflow (Q gin = Q 0 ) (cms) through the upstream surface, the groundwater tank (lower tank) calculates two outlet flows: unconfined groundwater flow (Q g1 ) (cms) proportional to the second power of the water stored in the soil and confined groundwater flow (Q g2 ) (cms) proportional to the water stored in the soil, given respectively by
where S g is the height (m) where Q g1 occurs, and α u (m -1/2 s -1/2 ) and α g (s -1 ) are the regulation coefficient of slow intermediate outflow and coefficient of base-outflow, respectively. The relation among temporal deviation of the height, in-and outflows in the groundwater tank is given by
For the river tank, the flow of river channel (Q r ) (cms) is assumed to be governed by Manning's formula and is given by
where B is the breadth of the channel (m), determined by two Resume Law constants (B = c·s) , nl is the roughness coefficient of channel (m -1/3 s), and i is the channel gradient. The relation among temporal deviation of the height, in-and out-flows is described as
where Q rin is the inflow (cms) through upstream surface and groundwater tanks, and L is the length of river channel (m).
For the setup of physical-based parameters at each tank, all cells are categorized into several classification groups based upon the distance from upper stream and land use, geology and soil-type information. Each group has own values for the parameters. The default values for most parameters were calibrated by the past flood simulations (Sugiura et al. 2008) . In this study, the required IFAS input data for hydrological information were the elevation, land use, and soil-geology data. The elevation data was obtained from the Digital Elevation Model from the shuttle radar topography mission with three arc-second resolution, or about 90 m (downloaded from HydroSHEDS, see http://gisdata.usgs.gov/website/HydroSHEDS/). The land use data with 30 arc-second (~1 km) resolution was downloaded from Global Map data managed by the International Steering Committee for Global Mapping (http://iscgm.org/cgi-bin/fswiki/wiki.cgi). The data for the geology and soil type was obtained from the global distribution data for soil water holding capacity with one-degree resolution at 0 -0.3 m from the United Nations Environment Program (http://www.grid.unep.ch/data/data.php). The observed rainfall data (ground-based data) at the gauge stations (http://tccip.ncdr.nat.gov.tw/NCDR/main/index.aspx) was used for the rainfall input data. The rainfall input data was distributed into several divisions of the watershed area using the Thiessen polygon method.
Indicators for the Model Error Analysis
For the quantitative evaluation for the IFAS performance in a past regional flooding event, the root mean square error (RMSE) was used to compute reproducibility (R p , %) of the simulation result against the observed flood discharge, which is a similar measure of the total water valance error (Fukushima 1988; Sato et al. 2012) . The equation is given by
where
with Q M is the observed discharge (cms), Q C is the simulated discharge (cms), n e is the number of data, and RMSE M is the error between the observed discharge and zero discharge. The similar evaluation indicator, Nash-Sutc liffe coefficient (Nash and Sutcliffe 1970) , is given by
where Q AVG is the average discharge for the observation (cms). Moreover, the quantitative evaluation utilized statistic error analyses: the wave shape error (E w ), volume error (E v ) and discharge-peak error (E p ) (JICE 2001; Aziz and Tanaka 2011). There error are given respectively by ( )
where Q MP is the peak value of the observed discharge (cms), and Q CP is the peak value of the simulated discharge (cms).
Sharpness Evaluation for a Distribution
Kurtosis (K t ) is introduced to measure the sharpness of a temporal rainfall distribution obtained from MRI-WRF data or discharge simulated by IFAS. K t is a measure of whether the data profile has a flat or sharp peak and is given by
Negative-and positive-K t indicate that the peak is flatter and sharper, respectively, against the normal distribution with zero mean and unity variance, N(0, 1). However, it is less effective to compare the sharpness among the distributions different from the normal distribution because a value of K t shows a relative gap from N(0, 1). We are interested in only the degree of sharpness among any kind of distributions. 
STUDY SITE
The Tsengwen Reservoir watershed is located in Southern Taiwan (23°20', 120°40'), covering parts of Chiayi County, Tainan County and Kaohsiung County. It is the upper region of the Tsengwen creek watershed. The Tsengwen Reservoir watershed area is approximately 481 km 2 , surrounded partly by plateau areas and higher mountains, ranging from 233 to 2609 m in height with a mean slope of approximately 0.54 (Fig. 4) . There are two rainfall gauge stations and one discharge gauge station in the watershed (Fig. 4a) . The watershed involves a part of the Tsengwen River (138500 m long) and the Tsengwen Reservoir, which is the largest in Taiwan and is the major water supply source for the downstream irrigation system in Chiayi County and Tainan County. The Tsengwen Reservoir has a capacity of approximately 0.5 billion m 3 and has three flood control spillways (9470 cms maximum capacity total) and two outlet channels (150 cms). The annual mean inflow to the reservoir is 1080 million m 3 (e.g., WRA 2004). The mean annual air temperature and precipitation are approximately 19°C and 2700 mm, respectively (Tung 2001) . For the IFAS computational conditions in this study, the maximum size of the watershed is 91 × 96 cells (horizontal and vertical) and each cell size is uniform with 400 × 400 m (Fig. 4b) . The computational domain is such a small watershed that there is no similar study implemented by the IFAS. For the determination of all parameters in the PWRI-distributed hydrological model, the default values (Table 1) were finally employed after manually tuning with an accepted-value range for each parameter.
HYDROLOGICAL MODEL VALIDATION
For the model verification the IFAS was applied to the Tsengwen Reservoir watershed for a severe typhoon event (Typhoon Sinlaku in September 2008), with a strong peak discharge in the temporal distribution (http://ncdr.nat.gov. tw/). The typhoon stalled over north Taiwan and then caused serious damage due to landslides and floods caused by heavy precipitation in the entire Taiwan area (> 1000 mm accumulated rainfall, observed at many gauges). The measured accumulated rainfall and total discharge volume were approximately 750 mm and 0.29 billion m 3 , respectively, at the gauges near Tsengwen Reservoir (WRA 2008). Although some GIS-based satellite rainfall data sets (e.g., Global Satellite Mapping of Precipitation, so-called GSMaP_NRT, http:// sharaku.eorc.jaxa.jp/GSMaP_crest/, whose resolution is 0.1° for space and 1 hour for time) are available in the IFAS, our watershed area is too small to be appropriately applied to the satellite data spatial resolution. The ground-based observed data for rainfall, one of the options of the IFAS input requirement, was employed (see the locations in in Fig. 5 ). The discharge simulation with the IFAS was conducted for approximately four days, which was extended due to the discharge time lag against the rainfall input. As seen in Fig. 5 the simulated hydrograph at the gauge station shows a good agreement with the observed one with a reproducibility (R p ) of approximately 74%, as computed by the RMSE analysis in Eq. (9), however the simulated sharp peaks were slightly lower and smoother. The Nash-Sutc liffe coefficient (NS) was 0.87 in Eq. (11). Using Eqs. (12), (13), and (14), the quantitative evaluations for the simulated discharge show that E w = 0.14, E v = 0.22, and E p = 0.28, respectively. Those results are approximately equivalent to or acceptable as related to previous studies (Aziz and Tanaka 2011; Wang and Xu 2011; Sato et al. 2012) . Therefore, our result implies that the IFAS can provide a reasonable prediction for flood discharge in the Tsengwen Reservoir watershed.
RESULTS AND DISCUSSION
We used three terms (Present, Near-future and Future) to simulate the discharge peaks in the upstream river and at the reservoir outlet under climate change. Realistic rainfall time-series were generated by the WRF for the top ten rainfall events for each term. The discharge hydrographs at the gauge station are shown in Fig. 6 for the largest rainfall event for each of the three terms, again with the rainfall data averaged over the upper watershed area. The peak discharge of the Near-future and Future terms increased by a factor of 1.59 and 1.77 times, respectively, compared to the Present term, likely due to the effect of global climate change. The peak of the Future term (approximately 11000 cms) is greater than the maximum dam spillway capacity. Therefore, the dam would need to be operated carefully in order to avoid major flooding downstream. Figure 7 shows the relation between the discharge peak ratios of the Near-future and Future terms against the Present term for the top ten extreme rainfall events (i.e., the largest rainfall volumes); the figure illustrates how much the ratios of the discharge peak in the future are elevated as compared to the Present peak. Note that the simulated discharge peak for the top rainfall event is named TP 1 and likewise the tenth largest rainfall event is named TP 10. TP 1, TP 2, and TP 10 peaks have similar ratios of Near-future/Present and Future/Present and these ratios are greater than 1.0. TP 9 has the largest Future/Present discharge peak ratio of 2.23. The peaks of TP 4, TP 5, TP 7, and TP 8 for the Future term are raised by 1.60 to 1.90 times over the Present peak, but the Near-future peaks for these events are approximately similar to those of the Present peak. The TP 3 and TP 6 peaks for both the Near-future and Future terms did not increase as much as compared to the Present term (Table 2) . Although the top ten extreme rainfall events were determined by the amount of accumulated rainfall volume, the ranking of rainfall volume for a certain event is not always consistent with its peak discharge ranking. The reason is possibly explained by two factors: discharge volume and distribution shape. Regarding the slope of the discharge distribution that likely affects the maximum peak discharge, the kurtosis (K t ) can be an indicator that shows how much the degree of slope is strong numerically. For example, for the TP 6 peaks among the three terms in Table 3 , K t values indicate that the Present term distribution is sharpest, the Future distribution is more flat and the Near-future distribution is between the Present and Future distributions even though the total discharge volume becomes larger as time progresses (i.e., from the Present to Future terms). The Present peak for TP 7 is similar to the Near-future peak because of the flat distribution of the Near-future hydrograph (large negative K t ); the Present peak is lower than the Future peak because these hydrographs had the same K t value even though the TP 7 volumes of the hydrographs increased in the time series. Dam drainage facilities are normally able to cut the flood discharge peak depending upon the balance between drainage capacity (e.g., spillway) and net water stored in a reservoir. The net water is the water remaining in the reservoir accounting for appropriate discharge at the dam outlet/ spillway facilities that would not exceed the dam spillway capacity or target discharges for downstream communities. Given that peak discharges are expected to be larger in the future, it is necessary to evaluate whether future flood discharges can be stored in the reservoir without causing major downstream flooding. In Fig. 8 the temporal distributions of the total flood discharges entering the reservoir for the top ten rainfall events (i.e., at the dam outlet before accounting for the dam operations to reduced the peak discharges) the Near-future and Future terms are shown along with the maximum dam drainage capability (9620 cms) and the design discharge peak (6900 cms, hereinafter being called a realistic value) of the river downstream of the the reservoir (about 10 km downstream) . Those values (the maximum and realistic values) are considered a discharge criterion for flood risk management in this study. Hereinafter, the maximum and realistic values are called maximum and realistic criteria. Note that the simulated amounts of discharge at the dam outlet were approximately 28 -29% greater than at the gauge station due to ungauged areas downstream of the gauge station but upstream of the dam outlet, including direct precipitation on the reservoir surface (the total reservoir drainage area is 30% greater than the watershed upstream of the gauge station).
The temporal discharge distributions of some of the more extreme floods (e.g., TP 1 -TP 3) are greater than the maximum criterion for approximately one day for the Nearfuture and Future terms. Most discharge distributions for the Near-future term, except for the relatively low ranking floods such as TP 8 and TP 9, are in excess of the design discharge of the river downstream of the dam. The degree of excessive discharge for the Future term is more enhanced compared to the Near-future term. Discharges exceeding the maximum and realistic criteria must be stored in the reservoir.
The net excess water stored in the reservoir was computed by integrating the volume of discharge at each time step (1 h) temporally and subtracting the maximum or realistic criterion at the dam outlet. If the net excess water was negative, it was forced to be zero (i.e., dam releases could not be greater than the total inflow into the reservoir). Based upon the maximum and realistic criteria, the excess waters for the Near-future and Future extreme floods (caused by the top ten extreme rainfall events) are shown in Fig. 9 . The net excess water can be compared not only with the total dam capacity but with the flood control capacity (FCC), which is a part of the total capacity and can be thought of as the available volume to regulate and store flood waters except for agricultural irrigation and drinking water use. In anticipation of a flood the dam operator would release a volume of water from the reservoir equal to the FCC. For the Tsengwen Reservoir, the FCC changes seasonally but remains within upper and lower limits (WRA 2002) . Based upon the seasonal variation in the FCC, we determined the upper and lower limits of the FCC during the typhoon season, from June to September (Fig. 9) Fig. 8 . Temporal distributions of discharge for TP 1 to TP 10 for the Near-future and Future extreme floods, which were before changes in operations of the dam were taken into account to reduce the peak discharge for downstream flood management. Note that thick horizontal solid and dashed lines represent the maximum capacity of the reservoir drainage facilities (i.e., spillways) and the design discharge peak for the communities downstream of the dam, respectively. Note that the upper figure is for the Near-future distributions and the lower for Future distributions.
be stored in the reservoir caused by the maximum criterion take up only 2.7 -9.7% of the total dam capacity, 4.1 -14.9% of the upper limit of the FCC, and 10.5 -38.0% of the lower limit of the FCC, respectively. Therefore, it is expected that there is sufficient total dam capacity and FCC to contain flood discharges in the Near-future term and not exceed the dam spillway capacity (or maximum criterion). However, to maintain the realistic criterion (a discharge of only 6900 cms downstream of the dam) the dam must be carefully operated because Fig. 9 shows that the excess water could be up to 20% greater than the lower FCC limit.
On the other hand, the floods induced by the top ten extreme rainfall events for the Future term may cause a severe problem for flood control operations because the excess water volume would be over 1.2 -3.4 times the lower limit of the FCC and 1.2 -1.3 times the upper limit of the FCC under the realistic criterion. In particular, the excess water volume is stored with 79.6 -87.5% of the total dam capacity under the realistic criterion, or in other words the reservoir would need to be almost empty prior to the event in order to store the flood waters. These results suggest that floods in the Future term may cause severe inundation damage in the downstream region if stored water in the reservoir is not released from the dam before an extreme rainfall event occurs. Therefore, extreme care will be needed to handle dam releases for flood control for the Future term.
However, as a further consideration of this work, it is necessary to take into consideration the impact of accumulated sediment on the reservoir storage capacity for a severe flood in the future. For instance, Typhoon Morakot (August 2009) brought 91 million m 3 of accumulated sediment into the Tsengwen Reservoir, resulting in a 22.3% reduction in storage capacity . The sedimentation effect on the reservoir capacity is beyond the scope of this study.
CONCLUSION
We implemented a hydrological model (IFAS) programmed to a local watershed in Taiwan to better estimate future flood characteristics under global climate change. This study focused on simulating discharge peaks for extreme rainfall events in order to understand the implications for dam operations and flood control. The rainfall data under climate change for three terms (Present, Near-future and Future) were projected using the regional climate model (i.e., WRF), driven by the MRI-AGCM3.2S. IFAS verification was first conducted using a past flood event (Typhoon Sinlaku). The simulated discharge was in good agreement with Fig. 9 . Net waters stored in the Tsengwen Reservoir during each extreme rainfall event taking into account two different dam outlet scenarios. The grey and black bars indicate the stored water for the maximum criterion of the drainage system (i.e., allowing the maximum discharge from the dam outlet/spillway facilities of 9620 cms) and the stored water of the realistic criterion (i.e., maximum dam releases of 6900 cms to reduce downstream flooding), respectively. The horizontal lines (from top to bottom) indicate the total dam capacity, upper FCC (i.e., flood control capacity) and lower FCC. Note that the upper figure is for the Near-future term and the lower figure is for the Future term.
the observed (74% reproducibility). A simulation of flood discharge under the top ten rainfall events, based upon their volumes and named TP 1 to TP 10, for each term was projected by the WRF with a 5 km resolution. The results show that the peak discharge ranking was not consistent with the total rainfall volume ranking due to different simulated discharge hydrograph shapes (i.e., temporal distribution). Specifically, the ratios of the discharge peak for the Near-future/ Present and Future/Present for TP 1, TP 2, TP 9, and TP 10 indicate that the Near-future and Future flood peaks were more severe than the Present peaks. In addition, the Future peaks for TP 4, TP 5, TP 7, and TP 8 were higher than those for the Present peaks. Finally, to understand the climate change effect on the reservoir's flood control purposes, the balance between the floodwater stored in the reservoir and the water discharged from the dam spillways was evaluated. For Future floods it may be necessary to release discharges from the dam outlet in excess of the design discharge peak, which is aimed at minimizing downstream damage or the reservoir must be drawn down before severe typhoons arrive more than the current upper limits for the FCC and possibly even to almost the total dam capacity.
